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Figure 2.7. 1Ideal efficiency versus energy gap [2-5].

values at room temperature of about 227 to 277 with the energy at which
the peak occurs ranging from about 1.3 eV to about 1.6 eV. These
differences are due to different assumptions in the various models with
regard to lifetime, optimum doping densities, etc.

All of the reported studies of peak efficiency as a function of
bandgap contain certain important assumptions and approximations which
should be understood. First,the calculations typically assume that all
of the available photons above the bandgap create electron-hole pairs
which are collected by the p-n junction. This over-estimates the short
circuit current because of the neglect of reflection losses at the
surface and internal recombination processes. Second, the calculations

typically assume that the dark current is an ideal diffusion current.

The lower curve in Figure 2.4 shows calculated values when the depletion

region recombination current is assumed to dominate the dark current. This

is seen to reduce considerably the peak efficiency for wide bandgap cells

15




resulting in a peak efficiency of only about 16% at a bandgap of about |
1.4 eV. Finally, in making the calculations, assumptions must be made
with respect to diffusion coefficients, lifetimes and doping densities. 9

The selection of lifetime values is especially difficult because it varies

greatly from one material to another and with doping density. For example,
the lifetime in direct bandgap semiconductors such as GaAs and other
ITI-V materials is typically much lower than in indirect bandgap
semiconductors such as Si and Ge. These differences are not taken into
b | account in most of the reported efficiency calculations.

Figure 2.5 includes calculated efficiency values for different solar
spectra conditions incident on a cell. The curves fromm= 0, w = 0 to
m = 3, w = 5 show calculated efficiency values corresponding to increasing
losses within the atmosphere. The peak efficiency and the bandgap at
which the peak occurs is seen to both decrease with increasing absorption
in the atmosphere.

Figures 2.6 and 2.7 show the effects of temperature on predicted
! efficiencies. Increasing the temperature lowers the available efficiency

and shifts the bandgap energy for peak efficiency to larger values. This

i reduction in efficiency with increasing temperatures is due largely to
| a decreasing open circuit voltage [(see Equation (2-22)] with temperature. \
The approximations made in obtaining the peak efficiency curves of
Figures 2.3 to 2.7 are such that the predicted values tend to be considerably
larger than experimentally observed values. The various curves predict
about 197%-20% for silicon and after many years of work the peak efficiencies
are beginning to pass the 15%-16% range [2-6]. The second most extensively ]

studied homojunction cell is the GaAs cell. The best efficiencies which
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have been obtained to date for GaAs homojunction cells are around 11%-12%
for AMO conditions [2-6]. Thus the actual efficiencies of homojunction cells
remains considerably below the ideal efficiency calculations. The major
reasons for this are now briefly discussed.

In terms of the terminal properties, low short circuit current and low
open circuit voltage are the two major causes of the reduced efficiency
of homojunction solar cells. The short circuit current can be low because
of optical losses at the surface and because of internal carrier recombination.
Surface optical losses occur because of reflection from or absorption within
the anti-reflecting layer. With a single layer anti-reflection film, surface
optical losses are typically 10%-15% of the available photons. This loss
has been reduced in silicon cells through the use of multiple layer anti-
reflection films and textured surfaces. Similar techniques have not been

developed for GaAs and other III-V homojunction cells.

Internal to the solar cell short circuit current losses occur from
bulk recombination, depletion region recombination, and surface recombination.
These losses are all directly related to bulk lifetime and surface lifetime.
Fundamental differences exist in terms of internal losses between direct
bandgap and indirect bandgap semiconductors. First for indirect bandgap
materials such as Si and GaP, the optical absorption coefficient increases
rather slowly for photon energies above the bandedge. This causes appreciable
carrier generation to occur deep within the semiconductor to depths of
several hundred ym in silicon, for example. On the other hand, for direct
bandgap materials the absorption coefficient increases much faster and
carrier generation occurs much closer to the surface - in about 10 um of

GaAs for example.
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Design considerations for maximum short circuit current are somewhat
different depending on whether the semiconductor is a direct or indirect
bandgap material. For the indirect bandgap designs, the diffusion length and
material thickness must be much larger than for the direct bandgap designs.
When using indirect materials, the base layer becomes of major importance
in achieving a high short circuit current. Losses to recombination at the
back contact become important and these are minimized in silicon cells
by the use of a back surface field or high-low junction at the back contact.
For direct bandgap cells, the region near the surface becomes of dominant
importance. The lifetime and thickness of the thin surface layer (see
Figure 2-1) becomes very important. Also surface recombination becomes
much more important than for the indirect bandgap cells. Figure 2.8 shows
calculated short circuit current for p on n GaAs cells as a function of

p-n junction depth at various surface recombination velocities [2-7]. A
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Figure 2.8. Calculated AMO short circuit current for p or n GaAs solar
cells [2-7].
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surface recombination velocity in the range of 106 cm/sec, as is typical
of a GaAs surface, is seen to greatly reduce the short circuit current
unless the junction depth is below 0.1 um.

Low open circuit voltages are caused both by low short circuit
currents and by high dark currents. The major factors determining dark
current have been presented in Equation (2-14). Low dark currents require
long bulk lifetimes and low surface recombination velocities. One of the
major factors increasing the dark current in wide bandgap semiconductors
is the junction depletion region recombination. This is typically identified
as a dark current which varies with voltage as exp (qV/2kT). Figure 2.4
shows that when this current component dominates the theoretical efficiency
is greatly reduced. This non-ideal current reduces the fill factor as
well as reducing the open circuit voltage. Figure 2.9 illustrates how the
efficiency versus bandgap might appear when account is taken of the change A
from an ideal diffusion current for small bandgaps to purely depletion
region current for wide bandgap semiconductors. Silicon p-n junctions
can be readily fabricated in which the dark current is essentially the ideal
current around the open circuit voltage value. GaAs diodes typically tend
to be dominated by depletion region recombination current. However, devices
have recently been built in which it appears that the ideal current dominates
near open circuit voltage conditions [2-7]. As discussed by Hovel [2-7],
this appears to require diffusion lengths of 3 ym or more.

The major differences between the ideal and the experimentally realized
efficiencies of homojunction cells appear to be understood. The major

problems are achieving conditions sufficiently close to the ideal conditions
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to approach the theoretical values given in Figures 2.4 through 2.7. Because
of the presence of depletion region current in wide bandgap devices the
maximum efficiency for homojunction cells almost certainly occurs at a
bandéap value below the 1.3 eV to 1.6 eV value shown in Figures 2.4 to 2.7.
Thus for operation near room temperature there is probably little reason
to explore III-V materials with bandgaps larger than GaAs. For high
temperature operation (above 100°C) other materials may have somewhat
higher efficiencies as seen from Figures 2.6 and 2.7.

Of the binary III-V semiconductors, only AlSb (1.52 eV bandgap),
GaAs (1.44 eV bandgap) and InP (1.34 eV bandgap) have bandgap values close
to that predicted for maximum efficiency. GaAs is the natural material because
it is close to the peak efficiency and because of the advanced state of
technology. Of the other two materials only InP appears to be worthy of
further study because of its slightly smaller energy bandgap. As the
materials technology for IanP advances, it should probably be looked at more
seriously as a solar cell material.

There are a large number of ternary III-V materials for possible homo-
junction solar cells. Of these materials those with bandgaps slightly
above or slightly below GaAs appear to have the most promise for solar cells.

The most extensively studied of these are Al xGaxAs, GaP, As_ and Ga xInxAs.

L= 1-x x 1-

The first two have similar properties and have bandgaps larger than GaAs,
while the last material covers bandgap values below GaAs. The range

of bandgap values covered by these materials is shown on the ideal efficiency
curves of Rappaport in Figure 2.10. According to the ideal theory, the
All_xGaxAs or GaAsl—xPx cells should have slightly higher efficiencies

than pure GaAs. If depletion region recombination dominates, the Gal_xInxAs
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cell may be a better choice. Thus the ternaries offer the ability to

select the truly optimum bandgaps for a particular solar cell design.
However, all of this will remain speculative until means are found to
achieve III-V homojunction solar cells with efficiencies exceeding that of

silicon.

One of the major (if not dominant) limitations of present GaAs
homojunction solar cells is the short circuit current losses to surface
recombination. The dark current may also be significantly enhanced by
surface recombination. The two approaches to minimizing this problem have
been to reduce the junction depth or to go to a heterojunction structure.
The reduction of the junction depth has the problem of increasing the
sheet resistance and, therefore, the series resistance of the cells. This
limits the junction depth reduction which can be achieved. At present almost
all research on III-V p-n junction solar cells is directed toward the hetero-
junction cell and impressive results have been achieved as discussed in
the next section. Another approach which does not appear to have been
extensively explored is to reduce the value of the surface recombination
velocity. It may be possible to significantly reduce surface recombination
by the formation of some type cf native oxide at the surface, such as formed
by anodic oxidation techniques. MOS devices have been constructed on GaAs
through the use of such techniques and these devices generally require good
surface properties. The use of a semiconductor heterojunction is simply one
means of providing an improved GaAs surface interface. Improvements in
surface recombination could make homojunction III-V cells competitive with
heterojunction cells.

Because of the wide bandgap of GaAs, the reduction in efficiency with

temperature is less than that of silicon cells. Figure 2.11 shows the terminal

patiom e
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Figure 2.11. Variation of GaAs alloy-junction-solar-cell parameters
with temperatures.

parameters of an early GaAs cell as a function of temperature. The short
circuit current is seen to remain almost constant with the open circuit
voltage changing at about -1.7 mV/°C. The improved temperature performance
of III-V cells is one of the major attractive features of such cells.

Another important performance parameter is radiation resistance.
Because of the short lifetime and diffusion length, GaAs homojunction cells
are more resistant to penetrating radiation than sili_on cells. For both
high energy electrons and protons the radiation resistance of GaAs cells
has been found to be about an order of magnitude larger than silicon cells
[2-7, 2-8]. For low energy particles little or no improvement over gilicon
was observed. However low energy particles can be removed by a thin cover

glass so that an overall improved radiation resistance results.
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A summary of some of the results and potential performance of various
III-V homojunctions is given in Table (2.1). As previously discussed
the idecul efficiencies are much larger than can be expected in actual
practice. Although GaAs is the only material extensively explored, other
materials as shown have equivalent or slightly better efficiency potential.
The major problem with all the homojunction III-V cells is the surface
recombination. The development of a simple, practical means of greatly

reducing the surface recombination velocity on any of the materials in

Table 2.1 could catapult the III-V homojunction solar cell back into the
picture for some solar cell applications.

The efficiency values in this section are all taken from very idealized
studies of general trends of efficiency as a function of semiconductor
bandgap which have appeared in the literature. These idealized studies
give efficiency values which are larger than typically predicted by more
complete studies of particular materials and devices. The results are
useful for predicting general trends of efficiency with bandgap. However,
the efficiency values reported can not be directly compared with the
efficiency values reported in subsequent sections of this report because

of the idealized nature of the calculations.

|
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2.2 Heterojunction Devices

The heterojunction solar cell represents a practical means of
eliminating or minimizing the surface recombination loss of III-V
i homojunction cells discussed in the previous section. It was the

development of this type of cell [2-9,2-10] that generated renewed

interest in all types of III-V solar cells. In the heterojunction

solar cell, a thin layer of a wide bandgap semiconductor is placed

at the surface on which the solar flux is incident. Ideally the wide

bandgap material, as illustrated in Figure 2.12, acts as a window

bk it it

to pass the incident light into the narrow bandgap semiconductor.
There are basically two types of heterojunction solar cells. In

the first type the p-n junction is located at the heterojunction while

in the second type the p-n junction is located some distance below

the heterojunction. Energy band diagrams for these two types of cells

are shown in Figure 2.13. The diagrams show n-on-p cells, but p-on-n

cells are also possible. In fact, cells which have been fabricated

with the junction below the interface are typically p-on-n cells.

When the p-n junction is located below the heterojunction interface,

the cell is frequently referred to as a "heteroface" cell [2-6] since

the heterojunction plays a more passive role in the operation of the

|

cell. In the present study, the term heterojunction cell will be used
for both types of cells, since these can exist as a continuous variety
of cells between the cases shown in Figure 2.13.

The heterojunction cell has two major advantages over the homojunction
solar cell. First, the optical absorption occurs strongly within the
narrow bandgap material beginning at the heterojunction interface. The

calculated generation rate, G_, for an AlAs-GaAs heterojunction of 1 um

e’
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Figure 2.12.

Figure 2.13.

narrow
bandgap
semiconductor

wide

bandgap

semiconductor

Illustration of wide bandgap window on a narrow bandgap
semiconductor.

(a) (b)

Energy band diagrams for the two types of heterojunction cells.
(a) p-n junction at interface.

(b) p-n junction below interface.

28

RIS o=~ e




*[0z-2] (sV1V @and syenbe (°T) @0eBjins JB UOTIBIIUSDUOD TV
JO UOTIIOUNI B SB 1030BJ T[TJ PUB JUSIIND ITNDITO Jaoys “98elToA ITnNOaTd uadg #g*'z 2In31g

(ssaolsnawia) OMx
RS R R R SR DR | 0
0 T T | T T T T

o

0T =140 "=

,. S

1, a- %
i 5 o vo £ @

3 v -

] ) &

S : =

e 1970 =

=

&

‘ q . =

. ov [~ — —H80

w

)

. . )
05 S———— =




The effect of impurity doping density on peak efficiency is shown

3 3

in Figure 2.25. Over the range of 1017/cm to 1018/cm » the efficiency

is not a strong function of doping density. However, optimum doping

densities were found to be 4 x 1017/cm3

on the n-side and 2x1017/cm3 on the
p-side.

Finally the effect of surface recombination velocity on efficiency for
different degrees of grading is shown in Figure 2.26. For the homojunction

3

case (X = 0) the surface recombination velocity must be below 104/cm if it

ALO
is not to greatly reduce the efficiency. For the optimum graded bandgap cell

X > 0.3), surface recombination velocities of even 107 cm/sec reduce

ALO
the efficiency only about 10%. The graded bandgap cell has the same desirable
features of the abrupt heterojunction cell with regard to surface recombina-
tion velocity.
The efficiency values calculated by Hutchby and discussed above can not
be directly compared with the heterojunction efficiency values given in the
previous section. Hutchby's values have been corrected for series resistance
and for ohmic contact stripes. The assumed contact coverage was 13% so the
values must be increased by this factor to compare with the values in the
previous section. Also the series resistance used by Hutchby has further
reduced the efficiency. An 187% efficiency value after correcting for these, \
corresponds to at least a 20.57% initial efficiency. Thus the graded band-
gap efficiency values are very similar in magnitude to the abrupt hetero-
junction values.
An analysis of the efficiency of graded bandgap cells has also been made
using the detailed numerical analysis outlined in APPENDIX A. This is a more

accurate analysis than that of Hutchby but the results are very similar.

Table 2.5 shows a comparison of the calculated performance of graded bandgap

55 -




ﬂ 3 a . ‘[12-2] (wd/,[0TXz = 'N ‘oTqeriea
. N (q) mEo\:o._”xq = "N ‘@Tqeraea 'N (®) ryidep uor3oun[ wr T pue @oeJyaNns
r 18 UOTIBIJUSOUOD TV 70f "UOTIBIJU20UOO AJTandwy JO UOTIOUN} B SB ADUSTOTIIY *GZ°z 2an31g
_W_ Am-Es NOILVYINIONOD ALldNdWI
<. gUE¥l & 8 L 9.6 ¥ € 2 Fusy
m i g v ek T T T 0t
-1 ¢l
|
m
]
i - O
_ 1l o <
m
=
(@)
=
2 *
, — 91 %
3 D aUU
e =
e
— 81




TR

=

*urt T 3e yidsep uoriounp

*[Tz-g] 4£31°0T2A UOTIBUTLQWODII IDEJINS JO UOTIOUNJ B SE AOUaTO133°@ PIZTITRWIAON °97°Z 2in31g
(98s Jwd) ALIJ0T3IA NOILVYNIGWOI3Y FOVHINS
NS coﬁ moH vS moﬁ NoH 01 I
L LR ?mﬁ- v —::-1- LN —:-7-\~ TS ﬂu-q-_ : B e 5 ~—3H. L L J—u:j- LI ) o
=
)
2
=
e F
5
o
49 m.uu
m
=
)
<
I.O. WM
=
=
o
-8 2
Fm
(%)
=
0'1

57




(Al,Ga)As-GaAs and abrupt heterojunction solar cells. Device No. 1 is for
35% Al composition at the surface while devices No. 2 and 3 are for 100% Al
composition at the surface. Devices No. 4 and 5 give results for abrupt
AlAs-GaAs solar cells for comparison. First it is seen that the graded band -
gap cells have slightly larger short circuit currents as expected from the
built-in fields. The largest efficiency of 20.75% occurred for a grading

to pure AlAs at the surface and is 0.8 of a percentage point larger in
efficiency than a similar heterojunction device [(No. 4 of Table 2.5)].

These results discussed above are for (Al,Ga)As solar cells where
lattice mismatch interface recombination is relatively unimportant. For
other solar cells such as Ga(P,As) it may be argued that a graded bandgap
region rather than an abrupt heterojunction can be used to greatly reduce
the effect of the lattice mismatch states. To study this effect, a series
of calculations have been made on Ga(P,As) solar cells. The devices studied
have a p-n junction located at 0.1 pym from the surface and a constant GaP
region near the surface. Between these constant bandgap regions is a
linearly graded composition region of varying width, with the width varying
from zero to the complete surface layer width of 0.1 ym. The calculations
include lattice mismatch recombination states which are assumed to be
uniformly distributed throughout the graded layer. The resulting efficiency
values as a function of the width of the graded layer are shown in Figure
2.27. The results show that the use of a graded layer does in fact lead
to an increased efficiency. However, the peak efficiency is still lower
than that which could be achieved without the interface recombination series.

From the studies which have been made here and elsewhere on graded band-
gap solar cells, it can be expected that such cells can have slightly larger

efficiency values than abrupt heterojunction cells of similar material
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Figure 2.27. Efficiency as a function of graded region width for
a GaP-GaAs solar cell. Width of window region (including
graded and GaP region) is 0.1 um.
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compositions. These improvements result basically from an increase in
carrier collection efficiency of the surface layer. However, the predicted
improvements are typically less than one percentage point in overall efficiency.

| These improvements must be weighed against the increased difficulty of

fabricating such solar cells.
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3.0 SCHOTTKY BARRIER AND METAL-INSULATOR-SEMICONDUCTOR SOLAR CELL STRUCTURES

3.1 Schotthky Barrier

3.1.1 Introduction

The metal-semiconductor or Schottky barrier solar cell has received
attention primarily becuase of the relative simplicity of the structure
compared to other fabricational techniques [3-1]. In addition, when
interfacial layers are introduced between the metal and semiconductor,
increased conversion efficiencies are feasible due to a variety of physical
mechanisms [3-2, 3-3].

Physical modeling of the characteristics of Schottky barrier solar
cells has included first order limit calculations [3-4], more detailed closed-
form analytical solutions [3-1], and even more detailed computer-generated
solutions of the transport equations [3-5]. Other investigators have con-
tributed to the literature on physical modeling, treating specific physical
effects and including other aspects of importance in the overall cell
performance [3-6, 3-7].
In general, the approach in discussing the results of these physical

models has been either to present the calculations for specific materials
such as silicon or gallium arsenide, or to discuss the results in terms of
general fundamental magerial parameters, such as energy bandgap or Schottky
barrier height. The latter approach usually assumes unity internal collection |
efficiency for energies above the bandgap: this eliminates the need for a
knowledge of material parameters which influence the photocurrent. These
calculations have been used to establish upper limits to conversion efficiency
of Schottky barrier solar cells for the general class of semiconductor t
materials, and to examine performance characteristics of specific materials

with known energy bandgaps and barrier heights.
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The importance of energy bandgap and barrier height in determining
the performance of Schottky barrier solar cells is well known and verified
[3-1 to 3-7]. The ternary alloys of the binary III-V semiconductor compounds

provide the means for continuously adjusting the energy bandgap and barrier

height in order to optimize this performance. For example, Yeh and Stirn

[3-3] have reported a 20% improvement in cell conversion efficiency for the
ternary GaP.22A3.78 as compared to GaAs. At the same time, recent theoretical
treatments [3-8, 3-9] provide a means whereby the important material para-
meters of the ternary alloys can be calculated from a knowledge of material
parameters for the binary constituents. Thus, unity internal collection
efficiency is not a necessary assumption. In addition, experimental data
for barrier heights in ternary alloy systems of interest for Schottky barrier
solar cells have been reported [3-~10], and this is a subject of specific
interest for many other device applicationms.

This section discusses Schottky barrier solar cell calculations for the
GanAs s Gal_xAles, Ga

InxAs, and GaAs ybe ternary alloy systems. The

1-x 1-x 1-

device modeling approach used is similar to that discussed by Hovel [3-11,
whereby an analytical transport model which takes into account important
material properties is used to calculate the photocurrent. Experimental data
for the energy bandgaps as a function of alloy composition x are used.
Theoretical models are used to calculate the compositional dependence of
other important material parameters in terms of known experimental parameters
for the binary consituents, with special attention being given to the absorp-

tion coefficient. Both experimental and empirical values of the barrier

height are used in the calculations. An attempt has been made to accurately




b i a5

describe the compositional dependence of all significant material parameters
which determine cell performance, and to include these material parameter ?
variations in a device model which gives reasonable performance characteristics

for cells using materials with accurately known parameters (such as silicon

and gallium arsenide).
3.1.2 Device Model

A brief summary of the device equations used in the calculations
will be given [3-1]. The voltage-current characteristic for the solar cell

is given by
- - 3-1
JT v.) T EVw) JSC ( )

where

JT(Va) = the terminal current density as a function of
applied voltage
J = the short circuit (V_=0) photocurrent density
sc a
due to the solar spectrum
JD(Va) = the dark current density as a function of

applied voltage

The photocurrent density JSC is composed of two integrated terms through the

relation

Lo}

JSC =f[JDR(A) + Jp (x)] da (3-2)

(o]

where A = optical wavelength, and

JDR(A) = Depletion region photocurrent density per unit
optical band width

]

Minority carrier (hole) photocurrent density

J (A
P per unit optical band width
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Here an n-type semiconductor has been assumed for convenience.

The dark current density is taken to be composed of three terms as

follows:
Ip = Js T I * Ipigs (3-3)
where
JSB = Schottky barrier current density
JR = Recombination current density integrated
over the depletion region
JDiff = Minority carrier (hole) current density

at the depletion region-quasi neutral
semiconductor boundary

The only difference between the model given by Eqn. (3-1) and that used in

Hovel's calculations [3-1] is the term involving JR included in the dark

current. Usually J >>JR and this term can be neglected. However,

SB+JDif
in this work the term was included because its importance is not readily
ascertainable when the compiicated compositional dependence of the ternary
material parameters is considered.

The dependence on material parameters of each of the terms in Eqns. (3-1)
and (3-3) is presented in APPENDIX C.

These device equations are used along with the standard equation
P VaJT(Va)

il e (3-4)

Pin in

to calculate the cell conversion efficiency, n. The fill factor, F.F. is

also calculated from

P
F.F. = 7%— (3-5)
OC S8cC




where Pmax is the maximum output power, VOC is the open-circuit voltage,
and Jsc is the short-circuit current density. The input power, Pin’ is f
based on both the AMO spectral conditions. The optical generation rate

used in the device equations for calculating JDR(A) and JP(A) is based on

the calculations presented by Sutherland and Hauser [3-11].

3.1.3 Material Parameters

The following list shows the parameters identified from the device

models which are needed for the solar cell calculations.

Dp minority carrier diffusion constant
P, equilibrium minority carrier concentration
Lp minority carrier diffusion length
Wh depletion region width
ND majority carrier doping concentration
A** Schottky barrier effective Richardson constant
¢B Schottky barrier energy
n, intrinsic carrier concentration
Tp minority carrier lifetime
Tpo, Tno Shockley-Read recombination model lifetimes
Et Shockley-Read recombination center energy level
! a photon absorption coefficient
{ S back surface recombination velocity
% W total cell length

All of these parameters are required to be known as a function of alloy

P

{ composition, and the relations which describe this dependence are given in

APPENDIX B.
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The diffusion constant is calculated from the mobility by using

the Einstein relation Dp = %%—up. The diffusion length is then cal-

culated from Lp = ‘,DPTP. The dependence of hole mobility on doping
level and alloy composition is described in APPENDIX B. The depletion

layer width is calculated from the equation

2e €
_4/_ro & o KL .
W "\quD (VD v, q), (3-6)

where V_ is the diffusion potential, given by

D
E N
o a8 e e .
VD s = ln(ND) . (3-7)

where EG is the band gap and Nc is the conduction band density-of-states.

1

The minority carrier density is calculated from Po = n?ﬁé , where the intrinsic
i D

concentration, ng, is given by

ni2 = NN exp (_El‘/krr) g (3-8)

Here Nv is the valence band density-of-states. Most of these parameters
are used in the more detailed computer calculations described in this report,
and these are discussed in more detail in these sections, and in APPENDIX
B. It should also be mentioned that the absorption coefficient versus wave-
length data used in these calculations was obtained by the method of Sutherland
and Hauser [3-10].
3.1.4 Results

The purpose of this study was to examine the performance of Schottky
barrier solar cells in ternary III-V alloys to see if improved performance

could be achieved compared with the performance of GaAs. In this study,




four materials were examined. These materials were GaP As G

x 1-x’ AleS’

a1—x

Ga In_As and GaAs Sb . Of these four, GaP_As and Ga Al As have
X X X X S

1- 1—=x 1-x 1-
bandgaps which are greater than that for GaAs (1.439 eV) as x increases,

while Ga In As and GaAs
X X

1- bex have bandgaps which are smaller than that

T=
for GaAs as x increases.

In order to check the computational technique, a detailed study of the
GaAs system was made so that comparison with previous calculations [3-1] could
be made. The results of this study are summarized in Table 3-1.

The standard material parameters used for GaAs are listed in Table 3-2.
Any deviation from these is listed as a footnote in Table 3-1. The influence
of all material parameters was studied, and if no changes in the parameters

are indicated in Table 3-1, then there were no changes in cell performance

due to these parameters. The AMO conversion efficiencies are in good agree-

ment with those calculated by other authors [3-1 to 3-3]. It should be
noted that the transmission coefficient data used in these calculations is
representation of that for thin gold films [3-6], and the barrier heights are

typical of that for gold on GaAs (0.898 eV) [3-1 to 3-3].

In beginning the calculations, very little experimental data on metal-

semiconductor barrier heights was found. Thus, calculations were first made

using the emperical relation ¢B = %—EG [3-12]. Figure 3.1 shows the results
of these calculations for GanAsl-x’ It can be seen that as temperature E

increases the conversion efficiency decreases for a given alloy of composition
X. Also, for a given cell temperature, the composition for maximum conversion
efficiency increases the higher the cell temperature. At 300K, the maximum g
efficiency is B ™ 11.92% for x = 0.2, compared to the 300K conversion

efficiency of 11.667% for GaAs. This is far below the 207 improvement
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Table 3.1. Summary of Schottky Barrier Solar Cell Performance for GaAs
¢B(eV) nmax(AMO) Jsc(ma/cmz) Voc (VOHS) F.F.

0.898 10.0 36.96 0.463 0.791

0.898 9.96% 36.94 0.462 0.792

0.898 9.93° 36.70 0.462 0.792

0.898 9.57¢ 35.47 0.461 0.792

0.898 10.36% 35.84 0.463 0.793

0.800 7.51 36.96 0.364 0.756

1.00 12.63 39.96 0.565 0.818

1.00 10.24¢ 37.06 0.483 0.774

0.898 7.67° 37.06 0.381 0.735

0.959¢ E) 11.66 36.97 0.530 0.810

0.959 10.138 32.36 0.523 0.812

0.959 13.38" 23.79 0.516 0.806

0.898 8.66% 32.30 0.459 0.791

0.959 4.933 16.40 0.506 0.804

0.898 11.62% 369.73 0.525 0.810
16.40 0. 444 0.787 ?

a. W=10 um e. T = 350K 1.1, = 10" gee ]

b. W=15um £. T = 350K P R

c. Np= 1017cm”3 g. Tn°=Tpo=Tp=10_1oseC k. Concentration Ratio =10

d. N = 10°7en™> . AM2 spectral conditions 1. T, = T, ()

T,(A) is the experimentally measured transmission coefficient for thin

Au films. |
n |
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AMO conversion efficiency for GaAs xPx Schottky Barrier
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solar cells as a function of alloy composition X for @ = % EG

and concentration ratio = 1.
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experimentally determined for GaP 22As 78 [3~3]. These calculations have
all assumed unity transmission coefficient.
Recent experimental measurements of barrier heights for Au Schottky
i -2
o show that instead of ¢B -2 EG the data is best
fit by the expression ¢B = EG—O.SS eV [3-10]. The cell conversion

barriers on GanAs

efficiencies were calculated using this relation and the results are
shown in Figure 3.2. 1In this case, the trends are still the same,
although the maximum efficiency as a function of composition is much more
pronounced. Here, the efficiency at room temperature for GaP'22As-78 is
12.16% while that for GaAs is 9.85%. Thus, the model predicts a 237
improvement in cell efficiency. The quoted experimental values of AMO
conversion efficiencies given by Stern and Yeh [3-3] are 10%Z for GaAs and
12% for GaP.22A5.78, or an improvement of 20%. The calculations predict
a maximum conversion efficiency of 12.67% for x = 0.3.

Figure 3.3 shows a plot of the energy bands (both direct and indirect

bands) as a function of composition, along with values for the barrier

heights according to the two relations used to calculate the conversion

efficiencies in Figures 3.1 and 3.2. Also shown are some experimental values

for the barrier height. The experimental values are not in good agreement
for the P-rich ternary with x > 0.5.

Tables 3.3 and 3.4 summarize the results of the calculations for both
GanAsl__x and Ga1

concentration ratio is varied. As concentration ratio is increased the

_xAles ternary alloys as both temperature and solar

value of x for maximum efficiency decreases, while the converse is true
when temperature increases. Thus, for concentration systems, it seems

that there is an optimum value of X in these ternaries which will yield

P
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Table 3.3. Summary of Conversion Efficiency Calculations for GanAsl-x and
I . s
: Gal_xAles Schottky Barrier Solar Cells Using ¢B =3 E..
A. GaP_As
x l1-x
Temperature Concentration Maximum X, Composition at
°K Ratio Efficiency, 7 Maximum Efficiency p
250 1 14.455 0.06
10 153721 0.0
100 17.028 0.0
o 1000 18.337 0.0
300 1t 11.99 0.160
10 135321 0.11
., 100 14772 0.03
1000 16.319 0.0
350 1 9.744 0.2
10 11.156 0.18
100 12.651 0.11
1000 14.294 0.03
400 1 18 0.3
10 9.184 0.27
100 10.716 0.20
1000 12.40 0.11
1_xAles
Temperature Concentration Maximum x, Composition at 4
°K Ratio Efficiency, % Maximum Efficiency
250 1 14.443 0.05 ?
19 15.720 0.0 %
100 17.026 0.0 1
1000 18.335 0.0 ﬂ
300 i 11.960 0.149 1
10 13 301 0.08 .
100 14.759 0.0
1000 16.317 0.0
350 i 9.719 0.2
10 I1.124 0.18
100 12.623 0. 13
1000 14,281 0.03
400 1 Pvld T 0.30
10 9.160 0.23
100 10.676 0:21
100C 12.379 0.11
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Table 3.4. Summary of Conversion Efficiency Calculations for GanAs and

1-x
i Gal_xAles Schottky Barrier Solar Cells Using ¢B = EG - 0.55 eV.
A. GaP As;
;
! Temperature Concentration Maximum x, Composition at ?
, 2K Ratio Efficiency, % Maximum Efficiency
! 250 1 14.63 0.29
10 15.54 0.25
100 16.50 0.23
1000 17.48 Qa2
300 1 12.60 0+33
10 13.62 031
100 14.68 0.29
1000 15478 0.25
350 1 10563 0.38
10 1SS 0.33
100 12.90 0.31
1000 14.13 0.29
400 1 8.69 0.38
10 9.932 0.36 1
100 11.208 0.36
1000 12.514 0.34

B. Ga Al As
1-x X

Temperature Concentration Maximum X, Composition at
K Ratio Efficiency, % Maximum Efficiency
250 1 14.561 0.30 .
100 16.430 0.24 \d
300 i 12.537 0-33
100 14,595 Q.29
350 1 105559 035
100 12.867 0.31
400 j i 8.644 0.36
100 Xliv153 0.34
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